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Despite the importance of the retinal pigment epithelium (RPE) for vision, the molecular processes involved in its specification are poorly
understood. We identified two new mutant alleles for the zebrafish gene chokh (chk), which display a reduction or absence of the RPE.
Unexpectedly, the neural retina (NR) in chk is specified and laminated, indicating that the regulatory network leading to NR development is
largely independent of the RPE. Genetic mapping and molecular characterization revealed that chk encodes Rx3. Expression analyses show that
otx2 and mitfb are not expressed in the prospective RPE of chk, indicating that the retinal homeobox gene rx3 acts upstream of the molecular
network controlling RPE specification. Cellular transplantations demonstrate that rx3 function is autonomously required to specify the prospective
RPE. Though rx2 is also absent in chk, neither rx2 nor rx1 is required for RPE development. Thus, our data provide the first indication that, in
addition to controlling optic lobe evagination and proliferation, chk/rx3 also determines cellular fate.
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The retinal pigment epithelium (RPE) is one of the few
apomorphic novelties in the vertebrate lineage. However, like
analogous structures in invertebrates, the RPE shields the
neural retina (NR) from stray light and enables the photore-
ceptor cells to detect the direction of light (Fernald, 2000).
While the function of the mature RPE in retinal metabolism
and disease has been extensively described (Boulton and
Dayhaw-Barker, 2001; Thompson and Gal, 2003), the role of
the RPE during eye development is unclear. In mice, the
development of the eye halts when the prospective RPE is
ablated, and, once differentiated, the RPE also seems to be
required for maintenance of the laminar structure of the NR
(Raymond and Jackson, 1995). In zebrafish, several mutants
display lamination defects in the NR associated with abnor-
malities in both the RPE and the polarity of the neuroepithe-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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al., 1996; Pujic and Malicki, 2001; Wei and Malicki, 2002). In
both species, the molecules involved and the mechanism
underlying the requirement of the RPE during the specification
and lamination of the NR remain largely unknown.
The RPE originates from the same bilateral evagination in
the anterior neuroepithelium that eventually will give rise to the
NR and the optic stalk (OS) (Chow and Lang, 2001). This
evagination generates a pair of bilayered structures termed
optic vesicles in mammals and optic lobes in fish. The medial
and lateral layers of the optic lobes become the outer and inner
layers of the optic cup that ultimately differentiate into RPE
and NR, respectively (Chuang and Raymond, 2002; Martinez-
Morales et al., 2004). The similarities in the morphogenetic
movements and the expression patterns of molecular markers
between mice and fish support the notion of a conserved
mechanism for RPE development. However, the network
controlling RPE specification and differentiation is poorly
understood. The earliest markers available for the RPE are
Otx2 and Mitf (Martinez-Morales et al., 2004), which identify
the prospective RPE prior to the emergence of the first
morphological characteristics. No other molecules have been
implicated upstream of otx2 in RPE development.88 (2005) 348 – 362
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ning molecules essential for eye development (Casarosa et al.,
1997; Mathers and Jamrich, 2000). Mouse embryos carrying a
null allele of Rx do not form optic cups and lack regions of the
forebrain and midbrain (Mathers et al., 1997). Conversely,
when ubiquitously expressed in Xenopus, mouse Rx is able to
generate ectopic RPE and NR tissue (Mathers et al., 1997).
Recently, further insight into the function of Rx has been
obtained by the identification of eyeless (el) in medaka and
chokh (chk) in zebrafish (Kennedy et al., 2004; Loosli et al.,
2001, 2003), which carry mutations in rx3, one of three rx
genes present in teleost (Mathers et al., 1997). However, most
alleles for rx3 that have been described lack eyes (Kennedy et
al., 2004; Loosli et al., 2003; Winkler et al., 2000) and thus
impede the study of its function at later stages of eye
development. An exception is the medaka eyeless. This allele
is temperature-sensitive and does develop eyes when kept at
permissive temperatures, albeit smaller than normal (Loosli et
al., 2001; Winkler et al., 2000).
In this work, we identify and carefully characterize two new
alleles of chk that do form optic cups and develop laminated NR,
even in the absence of RPE. This indicates that the develop-
mental program leading to NR specification and lamination does
not depend on the RPE. Simultaneously, the new chk alleles
gave us the unique opportunity to examine the function of rx3
during RPE development. Molecular markers show that chk/rx3
acts upstream of otx2 during RPE specification, and transplan-
tation experiments reveal that rx3 functions autonomously in the
prospective RPE cells. Therefore, we deduce that rx3 is
necessary during RPE development, a function that is not shared
with rx1 or rx2. Importantly, we also show that this previously
unknown function of rx3 is unrelated to eye morphogenesis.
Thus, chk/rx3 uncouples specification and morphogenesis in the
RPE. Finally, comparisons between zebrafish and medaka
uncover unexpected interactions in the regulatory network
controlling vertebrate eye development at the level of rx2 and
rx3. These interactions underscore the plasticity and robustness
of the eye developmental network.
Materials and methods
Zebrafish strains and staging
The chk mutant alleles chkt25327 and chkt25181 were isolated from a large-
scale ENU mutagenesis screen and maintained on the tuebingen (TU)
background. Due to the strength of their phenotypes, we will subsequently
refer to chkt25327 and chkt25181 as chks and chkw, respectively. Preliminary data
on these alleles were previously referred as tagtraum (tag). Carriers were
crossed into the WIK background for genetic mapping (Geisler, 2002). General
fish husbandry was as described (Brand et al., 2002). Embryos were kept at
28-C and staged according to Kimmel et al. (1995). For external analyses,
living embryos were anesthetized in 0.01% TricaineR (3-aminobenzoic acid
ethylester, Sigma) and mounted in 3% methyl cellulose (w/v) in E3 medium
(Brand et al., 2002). Unless otherwise stated, the data presented are identical for
both alleles on the TU background.
Histology and cell death detection
Mutant and wild-type sibling embryos were collected at specific stages of
eye development and fixed in 2.5% glutaraldehyde (GA) and 4% formaldehyde(PFA) in 100 mM PBS at 4-C overnight. Then, the embryos were rinsed in
PBST (0.1% Tween 20 in PBS) and dehydrated in ethanol as described (Pujic
and Malicki, 2001). After 1-h incubation in 50% TechnovitR (Heraeus Kulzer)
in ethanol, the embryos were infiltrated overnight in 100% TechnovitR and
embedded according to the manufacturer’s guidelines. The Technovit blocks
were subsequently sectioned (4 Am thickness), the sections collected on
SuperFrostR Plus slides (Menzel-GlaserR) and stained with 0.5% Toluidine
blue in 1% sodium tetraborate for 10 s. For long-term storage, the slides were
mounted in Epon. To detect apoptotic cells, living embryos were stained with
the vital dye acridine orange (acridinum chloride hemi-[zinc chloride], Sigma)
as described (Chuang and Raymond, 2001).
Whole-mount in situ hybridization and antibody staining
In situ hybridizations were performed according to standard protocols
(Schulte-Merker, 2002). Template cDNAs used to generate RNA probes
were: rx1, rx2 and rx3 (Mathers et al., 1997); mitfb (Lister et al., 2001); rtk1
(Xu et al., 1996); myoD (Halpern et al., 1995); otx2 (Li et al., 1994); pax2.1
(Krauss et al., 1991); mab21l2 (Kudoh and Dawid, 2001); tbx5.1 (Take-uchi
et al., 2003); and trp2 (Kelsh et al., 2000). The RPE was labeled with rabbit
polyclonal anti-RPE65 (gift from Dr. Andreas Wenzel) used at 1:100 dilution,
and the photoreceptor cells were labeled with zpr1 diluted 1:200. The
secondary antibodies Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 546
rabbit anti-mouse (Molecular Probes) were used at 1:500 dilution. A standard
protocol for staining zebrafish was followed.
Mapping
chk was mapped by crossing a TU mutant carrier with a WIK reference fish
and collecting the offspring at 5 dpf based on their externally visible phenotype.
A set of 192 SSLP markers was then tested on pools of 48 mutants and 48
siblings as described (Geisler, 2002). Linkages from the pools were confirmed
and refined by genotyping single embryos. For the closest marker (z17336),
720 mutant embryos, equivalent to 1440 meioses, were evaluated.
Cloning and sequencing
Total RNA was isolated from pools of 30 homozygous chk mutant, sibling
or wt TU embryos using TRIZOLR (Invitrogen) according to the manufac-
turer’s specifications. Reverse transcription was performed with the SUPER-
SCRIPTi First-Strand Synthesis System (Invitrogen) using oligo (dT)
primers. Three different primer pairs specific for rx3 were used to amplify
overlapping portions of the gene, and at least three independently derived PCR
products from each portion were amplified using Pfu DNA polymerase
(Stratagene) and directly sequenced.
Morpholino injections
Morpholinos were obtained from Genetools, LLC (USA) based on
genomic data from the zebrafish sequencing group at the Sanger Institute.
The genomic data were further confirmed by sequencing. As a control for
specificity, each mRNA population was targeted by two different morpholinos
(Heasman, 2002). One morpholino targeted the translation start site or the
5VUTR (ATG-MO) (Nasevicius and Ekker, 2000), and a second morpholino
targeted one of the splice donor sites at the 3V end of an exon (GT-MO)
(Draper et al., 2001; Xu et al., 2002). The sequences were as follows:
rx1ATG-MO, 5V-GCCTTCCGATTGATAAAACCAACTT-3V; rx1GT-MO, 5V-
TGAAGGACTTACCGTGAAATGTAGG-3V (exon1– intron1 site); rx2ATG-
MO, 5V-TGCATCCAATCTGCTCTTACAGTAA-3V, rx2GT-MO, 5V-
GTTTCTGGCGCTCACCTGAACTCGA-3V (exon2– intron2 site; fluorescein
tagged at the 3Vend); rx3ATG-MO, 5V-GAGATCCAACAAGCCTCATT-
GAACG-3V; rx3GT-MO, 5V-TACTCACCATCAAAGTGTTTATTCG-3V (ex-
on1– intron 1 site; fluorescein tagged at the 3Vend). Sequence complementary
to the predicted start codon (ATG) or the predicted splice donor site (GT) is
underlined. Morpholino injections were carried out essentially as described
(Nasevicius and Ekker, 2000), but 0.1% Phenol RedR (Sigma) was included
in the injection buffer to be able to assess the injected volume. Effective
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occurrence of eye specific phenotypes as assessed by external examination
using standard morphological criteria: for rx1ATG-MO, 100 AM; for rx1GT-
MO, 50 AM; for rx2ATG-MO, 500 AM; for rx2GT-MO, 50 AM; for rx3ATG-
MO, 200 AM; and for rx3GT-MO, 200 AM. All the analyses were done on
sets of animals where the incidence of unspecific phenotypes on a given set
of injected embryos was below 10%.
RT-PCR and histological analyses of splice-blocking morpholinos
The splicing events were analyzed by means of RT-PCR on single embryos.
Briefly, total RNA from single embryos was isolated in 1 ml TRIZOLR
(Invitrogen) using 10 Ag of glycogen as carrier. A volume corresponding to
1:10 of the isolated RNAwas reverse transcribed as described above, and 1:10
of the cDNA was amplified by PCR using specific primers flanking the
relevant splicing site. The sequences were as follows: for rx1 , 5V-
ACAAGGACCAGGATTCGTTG-3V and 5V-CATGGAGCTGGTATGTGGTG-3V;
for rx2, 5V-CAGAACCACCTTCACCACCT-3V and 5V-GCTCTGTCCAGGACC-
CATAA-3V; for rx3, 5V-GTTCAATGAGGCTTGTTGGATC-3V and 5V-TCACCTC-
CAGCTTCTCCTGT-3V. To correlate splicing defects with eye phenotypes,
morphant embryos and age-matched siblings were sectioned at different time
points or prepared for in situ hybridization as described above.
Phylogenetic analysis
Nucleotide or amino acid sequences encoded by the known rx genes were
obtained from GenBank by means of BLAST (Altschul et al., 1997). Sequences
corresponding to the coding regions were aligned using the distance matrix
method of the Clustal X program (Thompson et al., 1997). Gene trees were
constructed with the Neighbor-Joining method based on the number of
nucleotide substitutions per site (d), estimated by the Jukes and Cantor method
(Saitou and Nei, 1987). The reliability of the cluster was tested by bootstrapping
(Felsenstein, 1985) using 1000 replications. Alternatively,Maximum-Likelihood
and Parsimony methods were used for the same data set (data not shown). The
resulting trees were displayed with Treeview (Page, 1996).
Blastomere transplantation
Mosaic animals were generated as described (Ho and Kane, 1990). Embryos
for experiments were produced by crossing heterozygotes for chks stably
expressing GFP under the control of the ubiquitous zebrafish h-actin promoter,
with TU as genetic background. Donor embryos were labeled with rhodamine–
dextran (Molecular Probes) and transplanted into their siblings. Mosaic animals
were raised in 1-phenyl-2-thiourea (PTU) and scored at regular intervals from
early somitogenesis onwards. The residual pigmentation of the RPE at 70 hpf
was used as differentiation marker. Confocal images for rhodamine and DIC
were simultaneously captured using the Zeiss LSM510 Meta confocal
microscope. Z series were obtained with 3 Am steps over the entire length of
the eye to further characterize the fate of the rhodamine-labeled cells.
Time-lapse confocal microscopy
The transgenic line H2A:H2A-EGFP (Pauls et al., 2001) was used for
time-lapse confocal microscopy. This transgenic line specifically labels the
nuclei of the fish at all stages of development and allowed to constantly track
the position of the nuclei and the orientation of the mitotic spindle during
mitosis. Embryos at the tailbud stage or at the 5-somite stage were transferred
to E2 medium with 0.02% (w/v) tricaine. Embryos were then embedded in a
coverslip-bottomed glass ring (Fischer Scientific GmbH), in 1.2% low
melting point agarose dissolved in embryo medium with 0.04% tricaine.
After agarose gelification, larvae were covered with E2 medium, and the
chamber sealed with silicone of high viscosity (Bayer) and a glass slide.
Time-lapse imaging was performed on a Zeiss LSM510 Meta confocal
microscope using a 25/0.80 NA objective. Z series were obtained at 6-min
intervals with 3 Am steps over a total distance of 30 Am. A single z-plane was
chosen, and movies were compiled using the LSM software. Both the
migration of the cells and the orientation of the nuclear divisions were usedas landmarks to study the morphogenesis of the eye up until the 20-somite
stage.Results
Mutations in chk disrupt RPE development
The zebrafish chokh alleles were identified during a large-
scale ENU mutagenesis screen by its reduced RPE and the
permanent expansion of the melanosomes (Figs. 1A–C). Both
alleles, chkw and chks, are recessive and lethal at juvenile
stages. Their mutant phenotypes show complete penetrance
and constant expressivity, though they differ in their strength.
chk mutants can be distinguished under DIC optics from
siblings as early as the 5-somite stage by the abnormal
evagination of the optic lobes (Fig. 1D). Around the 7-somite
stage, optic lobes smaller than wt evaginate and are able to
induce lens differentiation, but no RPE pigmentation is
detectable by 36 hpf (Figs. 1E–F). Congruently, the morpho-
genetic movements preceding the formation of the RPE
(Schmitt and Dowling, 1994) are disrupted and associated to
extensive cell death at the ventral and dorsal walls of the
mutant optic lobes (Figs. 2A–L). At 5 dpf, chkw embryos
exhibit a strongly reduced RPE, fusion of the NRs at the
midline and rudimentary lenses (Figs. 1B, I, J). By contrast,
chks lacks all RPE tissue and shows a smaller eye cup than
chkw (Figs. 1C, H). Remarkably, in both mutants, the NR is
laminated and composed of morphologically differentiated cell
types, including what appear to be photoreceptors and ganglion
cells (compare insets in Figs. 1G–I). Indeed, immunostainigs
with zpr1 indicate that the cell layer containing prospective
photoreceptors in chk mutants expresses antigens characteristic
of normal photoreceptor cells (data not shown). The presence
of small patches of RPE in chkw gave us the possibility to
further evaluate the role of the RPE during NR development. In
this allele, adjacent areas of the NR with or without RPE are
morphologically similar (Fig. 1J), indicating that the RPE is not
essential for NR differentiation and lamination.
rx3 is mutated in chokh and functions during RPE
development
As the chk phenotype suggests that it plays a role during
RPE development, the cloning of the gene affected in chk
mutants was carried out. chk was mapped using SSLP markers
and found to be located on LG 21, between the markers z17336
and z12068 (Fig. 3A). Comparison of the interval with the
radiation hybrid map (Geisler et al., 1999) revealed that a
cDNA encoding rx3 maps to a similar location. rx3 is one of
the three retinal homeobox genes present in zebrafish and
belongs to a large family of transcription factors related to the
homeodomain region of the Drosophila gene Paired. Several
lines of evidence suggest a role for all Rx in many aspects of
eye development (Andreazzoli et al., 1999; Chen and Cepko,
2002; Chuang and Raymond, 2001; Loosli et al., 2001;
Mathers et al., 1997). Sequencing demonstrated that the
homeobox of rx3 bears a nonsense mutation in chks (Trp
Fig. 1. Mutations in the chokh locus affect the development of the RPE. Dorsal view of wt (A), chkw (B) and chks (C) larvae at 5 dpf. (B) In chkw, the RPE is reduced
(red arrowhead), the NRs are fused at the midline (white arrowhead) and the lenses are present but misaligned (black arrowhead). Cross-sections through the head of
wt (G), chks (H) and chkw (I, J) larvae at 5 dpf. At this stage, the eye is laminated in the wt (inset in panel G). The NRs are fused in both chk alleles (red arrowheads
in panels H and I) but undergo lamination and differentiation even in the complete absence of the RPE. (J) The PRCL (red arrowhead) maintains a similar
morphology with or without associated RPE. (D–F) Dorsal views of wt, chkw and chks under DIC optics at 12 hpf, 24 hpf and 36 hpf. The evagination of the optic
lobes (black arrowheads in panels D–F) and the differentiation of the lens (blue arrowheads in panel E) are always observed in both alleles. In contrast, a pigmented
RPE is observed only in wt embryos (red arrowhead in panel F). 1, lens; 2, ganglion cell layer (GCL); 3, inner plexiform layer (IPL); 4, inner nuclear layer (INL); 5,
photoreceptor cell layer (PRCL); 6, retinal pigment epithelium (RPE); wt, wild-type; NR, neural retina.
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(Fig. 3B), suggesting that chks behaves as a null and chkw as a
hypomorph (Figs. 3C, D).
There is a correlation between the molecular nature of the
mutations and the strength of their RPE phenotypes. Therefore,
a reduction of the rx3 function should also exhibit RPE defects.
To test this possibility, two morpholinos were designed against
the translation initiation region (ATG-MO) and the first splice
donor site (GT-MO) of the rx3 gene (Nasevicius and Ekker,
2000). When injected into wt embryos, both morpholinos
faithfully reproduce the RPE phenotype of our chk alleles in a
dose-dependent manner (Figs. 4A–C and data not shown).
Furthermore, when RT-PCR was performed on rx3GT-MO-
injected embryos, a correlation between the morphant pheno-
type and the amplification of an extra DNA product of higher
molecular weight than the expected from a properly spliced
intron was observed (Fig. 4B). When rx3ATG-MO was
injected into chks, no evident increase in the strength of the
phenotype was detected (data not shown). This indicates that
the mutant phenotype observed for chks is the strongest
possible for the rx3 gene in the zebrafish TU background.
Remarkably, the effect of the rx3 morpholinos is enough to
stably maintain the RPE defects later in development (Fig. 4C),
indicating that rx3 acts early during RPE development. Takentogether, the data suggest that, in addition to its role during
optic lobe evagination (Kennedy et al., 2004), rx3 also acts
during RPE development.
The genetic background affects the strength of the phenotype in
chk
Interestingly, there are phenotypic differences between the
known alleles of chk, despite of the similar molecular nature
of their mutations. The three alleles recently described for
chk carry nonsense mutations in the homeobox region of rx3
and lack eyes (Kennedy et al., 2004; Loosli et al., 2003). By
contrast, though the two new alleles described here also
affect the homeobox of rx3, the mutants always develop a
laminated NR. Since the chk alleles were found and kept in
different backgrounds, the differences in the phenotype
between them could be background-dependent. To explore
this option, we examined the mutant phenotypes of our
alleles in another genetic background. When chks and chkw
were crossed into the WIK background, they indeed
consistently exhibited stronger phenotypes compared to the
same mutations in the TU background. In the WIK
background, chkw develops a reduced NR without RPE,
while chks mutants do not develop eyes (Figs. 4D, E). Thus,
Fig. 2. Morphogenetic movements in the eyes are affected and cell death is increased in the optic lobes of chk. Cross-sections of the head of wild-type (A–C) and
chkw (D–F) embryos at the 5-somite stage (A, D), 16-somite stage (B, E) and Prim-5 (C, F). At the 5-somite stage, the evagination of the optic lobes is visible in wt
embryos (red arrows in panel A) but not in chk (D). At the 16-somite stage, the flattening of the medial layer (delimited by the red arrows in panels B and E) has
started in wt embryos (B). Instead, an increase in cell death is observed in the optic lobes of chk (EV). In wt, the RPE is completely flattened and starts differentiating
around 24 hpf (arrow in C). In contrast, the lenses are smaller in chk at the Prim-5 stage (arrowheads in C and F), the prospective RPE is not pigmented (F), and the
cells in the outer most layer of the optic cup in chk die (FV). Similarly, chk embryos (J–L) stained with acridine orange exhibit increased cell death in the eyes
(arrowheads) and in the tectum (arrows) at the 20-somite stage, when compared to wt (G–I). In spite of the abnormal morphogenetic movements, extraocular
mesenchyme is associated to the optic cups of chk (black arrows in panels B and F). The images are lateral views with the anterior oriented to the left. (I, L) Overlay
of the DIC images (G, J) and the fluorescence images (H, K). Prim-5, primordium stage 5. Other abbreviations like in Fig. 1.
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that of chks in the TU background (compare Fig. 4D to Fig.
1H), and the phenotype of chks in the WIK background is
strikingly similar to that observed in the other chk alleles.
This background difference reveals that the NR develops
independently of the RPE and permits to study the function
of rx3 at later stages of eye development. In the future, it
would be interesting to establish whether the observed
changes in the strength of the chk phenotypes are due to
cellular or molecular differences between the genetic back-
grounds.
Eye pattern and RPE specification are affected in chk
All the alleles previously described for rx3 in zebrafish and
medaka lack eyes (Kennedy et al., 2004; Loosli et al., 2003;
Winkler et al., 2000). Here, we show that chkw and chks are able
to develop a small but properly differentiated NR, surrounded
by patches of RPE in chkw. This unexpected condition gave us
the unique opportunity to evaluate the function of rx3 in
different aspects of eye development. First, we analyzed the
patterning of the eye using tbx5.1 and pax2.1 as dorso-ventralmarkers, pax2.1, rtk1, mab21l2 and rx1 as proximo-distal
markers and pax2.1 and rx3 as antero-posterior markers
(Begemann and Ingham, 2000; Kudoh and Dawid, 2001;
Macdonald et al., 1995; Mathers et al., 1997). We found that
the patterning of the eye is affected in chk mutants (Figs. 5A–
L). Overall, there is an expansion in the expression domains of
the anterior, proximal and ventral markers at the expense of the
posterior, distal and dorsal markers, respectively.
Then, we systematically looked for markers that were
expressed in the eye region of chkw but absent from chks.
This approach allowed us to identify mab21l2 (Figs. 5D, H),
rx2 and otx2 as genes putatively involved in RPE develop-
ment. The absence of mab21l2 and rx2 from chks is in
agreement with the expression data from other alleles of chk
(Kennedy et al., 2004; Loosli et al., 2003). As the transcription
factor otx2 is the earliest marker known for RPE commitment
(Martinez-Morales et al., 2003), we performed a more detailed
analysis of its expression pattern on highly synchronized
embryos. We found that otx2 is weakly expressed in the
maturing RPE of chkw but is not detectable in chks (Figs. 6A–
L). Congruently, there is no expression of the microphthalmia-
associated transcription factor mitfb (Figs. 6I, M) or the
Fig. 3. Cloning of chokh. (A) The chk locus was mapped to chromosome 21, close to the SSLP marker z17336. The values to the right indicate the number of
recombinants observed related to the amount of embryos tested for the respective marker. The rx3 gene maps nearby z17336. (B) Comparison of the
electropherograms representing the nucleotide sequences from embryos heterozygous for chks and chkw with those from homozygous mutants indicates that single
nucleotide substitutions affect the homeobox region of rx3 (asterisks). In chkt25181, a missense mutation changes the phenylalanine at position 113 for a valine (left
panel). In chkt25327, a nonsense mutation creates a premature stop codon at position tryptophan 153 (right panel). (C) Predicted structure of the proteins encoded by
the chk alleles. The third helix (a3) sits in the major groove of the DNA and makes critical DNA contacts. (D) A total of 1329 proteins present in the Swiss-Prot
database with a homeodomain similar to that present in rx3 were used to estimate the amino acid utilization frequency at position 113 in rx3. A phenylalanine was
observed in more than 86% of the cases, meanwhile a valine residue was never found at this position. (E) Phylogenetic tree of members of the Rx family of
transcription factors. The zebrafish rx3 and rx2 are the putative orthologs of the medaka rx3 and rx2, respectively. However, at the functional level, the interaction
between them is not conserved (see text for details). The nucleotide sequences used for the construction of the tree are: X. laevis Rx1a and Rx2a, AF001049 and
AF001048 respectively; G. gallus Rax and RaxL, AF420600 and AF42061 respectively; H. sapiens Rx, XM008721; R. norvegicus Rx, NM053678; M. musculus
Rx AF001906; O. latipes Rx2 and Rx3; AJ250405 and AJ298300 respectively; D. rerio Rx1, Rx2 and Rx3, AF001907, AF001908 and AF001909 respectively; A.
mexicanus Rx1, AF264703; D. melanogaster, AJ223300. The outgroup of the tree is the D. melanogaster Rx gene. The bootstrap values in each node represent the
statistical support for that topology, where 1000 is the maximum value possible. The length of the branches represents the genetic distance between the species
included in the tree, in terms of nucleotide differences per 1000 sites. A numerical scale is included in the right-most part of the panel. Similar topology and bootstrap
values were obtained with the protein data, irrespective of the phylogenetic method used to construct the tree or when the F. rubripes data are included (data not
shown).
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at 24 hpf (Kelsh et al., 2000; Lister et al., 2001, 1999).
Therefore, rx3 activity directly or indirectly maintains otx2
expression in the eye field until the 10-somite stage and is also
required for otx2 expression in the prospective RPE later on.
These results provide the first indication that chk/rx3 functions
upstream of otx2 during RPE specification.
The role of rx3 in RPE development is independent of rx1 and
rx2 function
In order to test for redundancy, GT-MOs and ATG-MOs
were designed against rx1 and rx2, and their phenotypes
were analyzed upon injection in wt or in chkw embryos.Each morpholino set produced identical phenotypes in a
dose-dependent manner (Supplementary Table 1) that always
correlate with a splicing defect, as scored by RT-PCR (Fig.
7I). The only external phenotype observed upon morpholino
injection was a reduction in the size of the eyecups up until
40 hpf for rx2-MOs and up until 72 hpf for rx1-MOs (Figs.
7A–F; Table 1). Importantly, no RPE phenotype was ever
observed in wt embryos injected with rx1-MOs or rx2-MOs
(Figs. 7A–F) or when both MOs were simultaneously
injected (data not shown). Therefore, neither the loss of rx1
nor rx2 can account for the reduction in the RPE observed
in the rx3 morphants or in chk. At the histological level, no
lamination was observed until after 48 hpf in the eyes of
rx1 or rx2 morphants (Figs. 7A–F). Furthermore, no
Fig. 4. Phenocopy of the chk phenotype bymorpholinos directed against rx3. The phenotype upon injection of themorpholinos rx3GT-MO (B) or rx3ATG-MO (C) into
wt embryos phenocopies the chk phenotype, compared to buffer-injected controls (A). (A, B) 40 hpf embryos, (C) 9 dpf larvae. The highest effective doses were 200 AM
for both rx3ATG-MOand rx3GT-MO. At these concentrations, the RPE is reduced or absent in the morpholino-injected embryos, but the NRs and the lenses (red arrows
and arrowheads in panels E and G, respectively) are present. (B) A splicing defect in the mRNA of rx3 (white arrow) is observed upon rx3GT-MO injection as scored by
RT-PCR. The aberrantly spliced product is 906 bp long, and the properly splicedmRNA (white arrowhead) is 514 bp long.M,molecular weight markers; 1, 2 and 3, RT-
PCR products from a single embryo at 24 hpf, 30 hpf and 40 hpf respectively; 4, injected control at 40 hpf; 5, control without reverse transcriptase. The products in line 3
were obtained from the embryo in the photo. (D, E) chk phenotypes in theWIK background. The red arrows and arrowheads indicate the NR and the lenses, respectively.
ATG-MO, morpholino designed against the translation initiation region; GT-MO, morpholino against one of the donor splice sites. See Fig. 1 for other abbreviations.
Fig. 5. The patterning of the eye is affected at the level of the RPE.Markers for the different axis of the eye were scored at 20 somites (A–J), 10 somites (K, L) or 30 hpf
(insets in panels K, L) in wt (A–D, I, K) and chkw embryos (E–H, J, L). At the 20-somite stage, the expression domain of rx1 (A, E), rx3 (B, F) andmab21l2 (D, H) is
reduced in the NR of chk. In contrast, the expression in the diencephalon of rtk1 is expanded into the NR compared to wt (arrowheads in panels G and C, respectively).
Similarly, the expression pattern of rx3 is expanded in the hypothalamus (arrowheads in B and F). The ventral marker pax2.1 (K, L) is expanded into dorsal and posterior
regions of the eye (arrowheads in K and L) at 10 somites. At 30 hpf, the expression domain of pax2.1 includes the entire NR in chk, while in wt it is restricted to the optic
stalk region (insets in panels K, L). The expression of tbx5.1 is observed in the dorsal region of the eye (arrowhead in I), but it is lost in mutant embryos (J) at 20 somites.
However, tbx5.1 is still present in the rudiments of the pectoral fins (arrows in I and J). The images in the figure are dorsal view, anterior downward (A–H); lateral view,
anterior to the left (I, J); dorsal view, anterior to the left (K, L); and lateral view of a first plane of the eye (insets in panels K and L). Abbreviations like in Fig. 1.
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Fig. 6. The specification and differentiation of the RPE do not occur in chk. In situ hybridizations with probes for otx2 (A–H, K, L), mitfb (I, M) and trp2 (J, N)
performed in mutant (D–F, K–N) and wt embryos (A–C, G–J) indicate that the RPE is specifically affected in chk. At the 5-somite stage, the expression pattern of
otx2 is prematurely downregulated in the eye field of chk compared to wt (arrowheads in panels D and A, respectively). This downregulation resembles the
expression pattern of oxt2 in wt embryos at the 10-somite stage (panel B compared to panels D and E). At the 20-somite stage, otx2 is expressed in the RPE of wt
embryos (arrows in panel C), weakly expressed in chkw (F) and absent in chks (K). The myogenic marker myoD was included to stage the embryos (insets in panels
A, B, D and E). Higher magnification images of flat-mounted embryos at the 20-somite stage (G, K) and at 30 hpf (H, L). They show a distortion of the brain at the
level of the tectum (arrowheads in K) and the lack of otx2 expression or pigmentation in the RPE of chk (K, L), compared to wt (arrows in panels G, H). The markers
for RPE differentiation mitfb (I, M) and trp2 (J, N) are not expressed in the prospective RPE of chk (M, N) compared to wt (arrows in panels I and J) at 24 hpf.
However, their expression pattern is maintained in the epiphysis (arrowheads in panels I, M) and in the body melanophores (arrowheads in panels J and N). The
orientation of the embryos is: lateral view, anterior to the left (A, B, D, E, J and N); dorsal view, anterior downward (C, F); dorsal view, anterior upward (G, H, K and
L); and ventral view (I, M) Abbreviations like in Fig. 1.
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rx1 morphants (Fig. 7D).
The injection of rx1-MOs into the chkw background
produced embryos without any signs of eye development,
including the lack of lenses (Figs. 7G, H). Remarkably, this
phenotype is identical to that described for the mouse Rx null
mutant regarding the eye defects (Mathers et al., 1997).
Therefore, we functionally confirmed that the combined
activity of the three zebrafish rx paralogs is essential for
proper eye development and that they do not have totally
redundant functions. The phenotype also resembles the medaka
eyeless and the previous alleles of chk (Kennedy et al., 2004;
Loosli et al., 2001, 2003). However, these mutant alleles
usually develop rudimentary lenses. Together, our MO data
indicate that, during the course of fish evolution, rx3 hasgained control over the development of the RPE at the expense
of rx1 and rx2. However, the data also reveal a synergistic
interaction between rx1, rx2 and rx3 in early stages of NR
progenitor development and of rx1 and rx2 during PRCL
differentiation.
Extraocular mesenchyme is associated to the prospective RPE
during furrow extension
Explant cultures of chick optic vesicles indicate that the
extraocular mesenchyme can regulate RPE specification (Fuhr-
mann et al., 2000). However, it is not entirely clear if the RPE
enters in close contact with extraocular mesenchyme in vivo.
The description of the morphogenetic events underlying RPE
formation depends on still images taken from fixed specimens
Fig. 7. The rx3 paralogs, rx1 and rx2, are not involved in the development of the RPE. (A–F) Cross-sections, dorsal upwards, through the eyes of wt embryos
injected with rx1-MOs (A, D), rx2-MOs (B, E) or injection buffer only (C, F). When compared to the controls (C, F), the morphant phenotypes do not affect the
proportion of the NR surrounded by RPE or the pigmentation in the RPE cells. However, other specific phenotypes are observed. At 48 hpf, the NRs of the
morpholino-injected embryos are not laminated (A, B), and the eyes of rx1-morphants (A) are smaller than those of control embryos (C). At 72 hpf, the eyes of rx1
morphants (D) are still smaller than the control embryos (F), but an incipient PRCL and GCL are visible (arrow and arrowhead in D, respectively). Conversely, the
only evident phenotype at 72 hpf in rx2 morphants is a subtle delay in the maturation of the lenses, also present in rx1 morphants (asterisk in panels D and E). (G, H)
Lateral images of 9 dpf double-mutant embryos for rx3 and rx1, obtained by injecting rx1ATG-MO into the chkw background. The lenses and the small patches of
NR-associated RPE observed in chkw (blue and red arrowheads, respectively in panel G) are absent in the double mutants. Splicing defects in the mRNA of rx2
(arrow in line 3) and rx1 (arrow in line 4) are observed upon rx2GT-MO or rx1GT-MO injections as scored by RT-PCR (I). 1, 1 kbp DNA markers; 2, low molecular
weight DNA markers; 5–6, controls without reverse transcriptase for rx2 and rx1, respectively. Scale bars: 20 Am. Refer to Fig. 1 for abbreviations.
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microscopy was used to better visualize the morphogenetic
processes underlying the genesis of the RPE (Fig. 8,
Supplementary Video). The transgenic line H2A:H2A-EGFP
(Pauls et al., 2001) uncovers a coordinate rostral migration of
the entire prospective midbrain around 14 hpf (Fig. 8B). This
massive migration does not involve oriented and/or coordinat-
ed cell divisions in the midbrain region (Supplementary
Video). At 12 hpf, the optic lobes are completely formed and
connected to the diencephalon in all their length (arrowheads in
Fig. 8A). During the rostral migration of the prospective
midbrain, they behave differently across its A/P axis. At 13
hpf, the most posterior contact points between the optic lobes
and the forebrain migrate rostrally together with the prospec-
tive midbrain, while the most anterior contact points stay still
(Figs. 8B, C). The result is the formation and extension of the
furrow that separates the optic lobes from the brain. Concur-
rently, the prospective RPE begins to flatten (arrows in Figs.
8C, D). The extension of the furrow takes around 4 h to becompleted. Importantly, extraocular mesenchyme is closely
associated to the prospective RPE during the extension of the
furrow, supporting a putative role for these cells during eye
development in vivo (red arrowheads in Figs. 8B, C).
chk uncouples specification and morphogenesis in the RPE
In zebrafish and medaka, rx3 is necessary during optic lobe
evagination (Loosli et al., 2001, 2003). It is therefore formally
possible that the RPE defects in our chk alleles are secondary
consequence of evagination and/or impaired interaction be-
tween the extraocular mesenchyme and the prospective RPE.
To test whether rx3 function is also required during RPE
specification, we performed cell transplantation experiments.
chks cells transplanted into wt embryos were always excluded
from the RPE (n = 52/52), but some clones were often present
in the NR (n = 32/52) (Figs. 9A, D). Accordingly, wt cells
transplanted into chks embryos form RPE with high efficiency
(n = 36/80), while mutant cells were specifically excluded from
Table 1
Eye phenotypes associated with the absence and/or reduction of function of the rx family members in zebrafish and medaka
Evaginationa (+/) Cell deathb (+/) Eye sizec (N/R/A) RPEd (N/R/A) Laminatione (+/) PRCLf (+/) Lensg (+/)
chkw + + R R + + +
chks + + R A + + +
rx3-MO + NS R R/A + + +
rx2-MO + * RV N l h +
rx1-MO + * RU N l h +
chkw/rx1-MO  NS A A   
eyelessh  + A A NS NS +
+, detected; , undetected; N, normal; R, reduced; A, absent; NS, not scored.
a Evagination of the optic lobes scored at 20 hpf.
b Scored in the NR by acridine orange staining, TUNEL or histology. Scored only after 30 hpf (*).
c Scored by comparison with age-matched siblings up until 5 dpf. Phenotype visible only up until approximately 40 hpf (V) or 72 hpf (U).
d Scored as the proportion of pigmented tissue surrounding the NR.
e Scored at 48 hpf. Lamination is observed around 72 hpf (l).
f Scored at 48 hpf. PRCL is present around 72 hpf (h).
g As scored by histology at 72 hpf.
h As described in Loosli et al. (2001).
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often mosaic (n = 16/36), even in the case of fully rescued eyes
(Fig. 9E). These results were further confirmed by double
labeling using an RPE-specific antibody against RPE65 (Figs.
9F–I, Table 2). As expected, this antibody roughly co-localizes
with the pigment granules of the RPE as previously reported
for mice (Pang et al., 2005). Clearly, wt cells are able to form
RPE when transplanted into chks embryos (Fig. 9H), while
chks cells are never observed in the RPE of wt embryos (Figs.
9F, G). These experiments reveal that rx3 activity is
autonomously required to specify the prospective RPE.
Moreover, as the mutant cells were also specifically excluded
from the RPE in properly developed eyes, our data indicate that
chk/rx3 uncouples specification and morphogenesis during
RPE development.
Discussion
NR lamination is independent of RPE development
The chk alleles described in this work are the first mutants
described for the zebrafish that lack RPE from the earliest
stages of eye development without any evident morphological
abnormality in the neuroepithelial polarity. chks mutants show
that the RPE is dispensable for NR differentiation and
lamination as both processes occur in the complete absence
of the RPE. Furthermore, portions of the NR with or without
RPE are alike in the weaker allele chkw (Fig. 1J). The situation
in mice is similar. In transgenic mice where FGF9 or an
activated version of Ras is targeted to the RPE under the
control of the Trp2 promoter, a duplicated NR develops in
place of the endogenous RPE. Both NRs differentiate and
undergo lamination, but they exhibited an inverse polarity with
respect to each other (Zhao et al., 2001). Therefore, a properly
differentiated RPE is not necessary in vivo to direct NR
differentiation and lamination in mammals as well. Notewor-
thy, the expression pattern of rx3 in the prospective RPE
precedes that of trp2 by almost 8 h in the zebrafish (Kelsh et
al., 2000). Thus, our chk phenotypes constitute the earliestablation of the RPE in vertebrates and indicate that the
regulatory network controlling NR development is largely
independent of RPE specification.
rx3 is a selector gene essential for RPE development
Several lines of evidence indicate that rx3 directly specifies
the RPE. First, the molecular nature of the mutations identified
in chk correlates with the strength of their RPE phenotypes.
The knockdown of rx3 with two different morpholinos further
supports this correlation as embryos injected with concentra-
tions below the maximum effective dose exhibit a partial
reduction of the RPE. Secondly, there is reduced expression of
early and late RPE markers in chk (Figs. 6A–L). This
indicates that rx3 acts upstream of the genetic hierarchy
leading to RPE determination. Similarly, the proximo-distal
(P/D) patterning of the eye is affected only at the level of the
RPE as judged by the combined expression patterns of
proximal markers (pax2.1), NR markers (rx1) and RPE
markers (mitfb and trp2). Finally, upon MO injections in
zebrafish, neither rx1 nor rx2 produces a reduction in the
RPE. This means that from the three rx paralogs present in
zebrafish only rx3 regulates the development of the RPE.
Thus, the available data indicate that rx3 is a selector gene
essential for RPE specification. An alternative explanation for
our data is that the RPE phenotype in chk is secondary to the
incomplete evagination of the optic lobes. However, trans-
plantation experiments show that rx3 function is autonomous-
ly required in the prospective RPE even when eye
morphogenesis is otherwise normal. Therefore, chk/rx3
uncouples specification and morphogenesis in the RPE.
Furthermore, zebrafish mutants like cyc and oep exhibit
abnormal evagination of the optic lobes without defects in
the differentiation of the RPE (Malicki et al., 1996). Thus, eye
morphogenesis and RPE specification are indeed separate
events of eye development.
Explant cultures in chick identified extraocular mesenchyme
as an important source of inductive signals able to upregulate
RPE markers (Fuhrmann et al., 2000). Congruently, our time-
Fig. 8. The prospective RPE is formed by the coordinated migration of the midbrain. (A) At 12 hpf, the optic lobes are fully formed and attached along their A/P axis
to the diencephalon (arrowheads in the middle panels). (B) At 13 hpf, the furrow that separates the optic lobes from the diencephalon is formed by the massive
migration of the midbrain towards the forebrain region. (C) The furrow is almost fully formed at 14 hpf. The size of the furrow is similar between panels C with D.
Therefore, from 14 hpf onwards, the velocity of the midbrain migration decreases drastically. (E) At 19 hpf, the optic cups are formed, and the lens start invaginating
from the ectoderm. At all times examined, extraocular mesenchyme is closely associated to the prospective RPE (red arrowheads in panels B and C). The time is
given in minutes. Left panels, H2A:H2A-EGFP; middle panels, DIC; right panels, overlay. Anterior is to the left. ol; optic lobe; pl, prospective lens; pn; prospective
neural retina; pr, prospective retinal pigment epithelium.
A. Rojas-Mun˜oz et al. / Developmental Biology 288 (2005) 348–362358lapse analysis of RPE morphogenesis indicates that extraocular
mesenchyme is present at the appropriate time and place to
induce the RPE fate. Extraocular mesenchyme is also observed
around the optic cups of chk mutants (Fig. 2F). Therefore, and
considering our transplantation data, we propose that chk/rx3
makes the prospective RPE competent for the inductive signals
from the extraocular mesenchyme thereby controlling RPE
specification.Function of the rx3 paralogs during eye development
Though NR specification and lamination are not affected in
chk mutants, the overall size of the eye is smaller than normal.
This reduction might be in part caused by the failure of the
choroid fissure to close, like in the case of some mutations in
the microphthalmia locus in mouse (Moore, 1995). Indeed,
mitfb expression is lost in chk. However, the reduced
Fig. 9. chk/rx3 specifies the prospective RPE. Single confocal images of mosaic eyes generated by transplantation of rhodamine-labeled cells at the late blastula
stage. chks mutant cells transplanted into wt embryos form small clones of NR (arrows in panels A and D) but are completely excluded from the RPE. Some cells are
false positives as concluded by the analysis of the complete Z stack (asterisks in panel A). Importantly, even donor cells in close proximity to the eye can be precisely
considered as excluded from the RPE (arrowheads in panel A). Conversely, wt cells transplanted into chks mutant embryos form NR and RPE, while the host cells
are always excluded from the RPE (B, E). Notably, even in a fully rescued eye with mosaic NR, the RPE is of wt origin (arrow in E). Donor cells randomly contribute
to the RPE in control transplanted embryos (arrows in panel C). Specific staining of the RPE with anti-RPE65 (green in panels F– I). Overlapping signal is observed
in the RPE only in sib > mut (H) or sib > sib (I) mosaics (black arrows). The images correspond to 70 hpf larvae. The orientation of the chimeras is dorsal up, anterior
to the left (A, B, C) or ventral view, anterior upward (D, E).
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reduction of the NR. Accordingly, our morpholino data indicate
that rx1 and rx2 participate in retinal progenitors specification
and/or proliferation and in photoreceptor cell layer (PRCL)
development (Table 1). While recent studies support that rx1
and rx2 are required during proliferation of retinal progenitors
and PRCL development (Andreazzoli et al., 2003; Casarosa et
al., 2003; Chen and Cepko, 2002; Stenkamp and Frey, 2003),
other studies suggest a role for these genes mainly in cell fateTable 2
Contribution of transplanted cells to the RPE and the NR in chks chimeras at 70
hpf
Bodya NRb RPEc Mosaic
NRd
NR clonese
(clones/eyes)
RPE clonesf
(+/clones/eyes)
chks > sib 52 32 0 32 41/23 0/28/28
sib > chks 80 36 36g 16 12/12 12/12/12
sib > sib 126 94 47h 94 NS NS
NS, not scored.
a Number of larva with Rhodamine-labeled cells anywhere in the body.
b Number of larva with Rhodamine-labeled cells in the NR as scored by
confocal microscopy and DIC.
c Number of larva with Rhodamine-labeled cells in the RPE as scored by
confocal microscopy and DIC.
d Number of larva with mosaic NR in at least one eye.
e Number of NR clones examined in a number of dissected eyes as scored by
double labeling.
f Number of positive RPE clones found in a number of dissected eyes as
scored by double labeling.
g The RPE was entirely made of donor cells.
h The RPE was always mosaic.determination (Chuang and Raymond, 2001). These two early
roles of rx1 and rx2 might not be mutually exclusive. On the
contrary, the synergistic function of the rx paralogs in zebrafish
is likely needed to produce an eye of normal size, either by the
specification of enough retinal progenitors and/or by promoting
the proliferation of those progenitors.
Molecular network leading to RPE specification
In the zebrafish, the earliest marker expressed in the
prospective RPE domain is otx2 (Li et al., 1994). In chk, the
expression pattern of otx2 is not detectable in the eye field from
early somitogenesis onwards, and the expression pattern of
mitfb is never detected in the prospective RPE, suggesting that
rx3 acts upstream of both otx2 and mitfb in RPE specification.
In mice and humans, genetic and biochemical data implicate
Otx2 in the activation of the molecular network controlling RPE
development (Martinez-Morales et al., 2001, 2003; Takeda et
al., 2003) and also indicate that a subset of the genes activated
by Otx2 like Tyr, Trp1 and Trp2 are activated by Mitf as well
(Goding, 2000). Therefore, there is a conservation of the genetic
network controlling RPE development downstream of Otx2
between different vertebrates. It is still not known if the network
controlling RPE development upstream of Otx2 is also
conserved (e.g. the interaction between members of the Rx
family and Otx2). However, this is likely to be the case because
a previous study indicates that Rx is necessary to upregulate or
stabilize Otx2 in the eye field of mouse embryos carrying a null
allele of Rx (Zhang et al., 2000).
Fig. 10. Regulatory network underlying early eye development in zebrafish and
medaka. The solid arrows indicate genetic interactions. In zebrafish and
medaka, rx3 is central to the regulatory network. However, rx2 is regulated in a
different manner between these two species: while, in zebrafish, rx2 is
downstream of rx3 activity, the expression of rx2 is independent of rx3 in
medaka. In zebrafish, the upstream regulators of rx3 and rx1 are unknown but
could be the same as in medaka (six3/pax6). The color bar at the left represents
the temporal succession of different stages of eye development: retinal field
specification (yellow); proliferation of the retinal progenitors and evagination
of the optic lobes (red); morphogenesis of the prospective RPE (blue). Later in
development, the interactions between the genes shown in the blue and the pink
arrows will eventually lead to the formation of the NR and the RPE,
respectively. Refer to the text for references.
2 Spemannstrasse 35, 72076 Tu¨bingen, Germany.
A. Rojas-Mun˜oz et al. / Developmental Biology 288 (2005) 348–362360The Rx family also illustrates that not all interactions in a
regulatory network are necessarily conserved. We show that
differences in the way rx genes interact with their molecular
environment can be detected even between related species
such as zebrafish and medaka (Fig. 10). In medaka, the
mutual induction of Six3 and Pax6 in the anterior neuroecto-
derm dictates the eye fate and promotes the expression of Rx2
and Rx3 (Carl et al., 2002; Loosli et al., 2001). An intronic
insertion into the medaka Rx3 gene, eyeless, was described as
a temperature-sensitive allele that works as a null (Loosli et
al., 2001). eyeless shows that Rx3 is required for the
morphogenesis of the optic lobes and proliferation of neural
progenitor cells (Loosli et al., 2001; Winkler et al., 2000).
Moreover, it shows that in medaka Rx2 expression is not
regulated by Rx3 (Winkler et al., 2000). However, in the
zebrafish, chk shows that rx3 controls the early expression of
rx2 (this work; Kennedy et al., 2004; Loosli et al., 2003). As
our phylogenetic analyses suggest that these genes are
functional orthologs (Fig. 3E), it is remarkable how they
can achieve their function by means of a modified regulatory
network (Fig. 10). Thus, we propose the eye developmental
network as a robust module in development (Gibson, 2002;
Nijhout, 2002), where drastic and subtle differences in the
form of gene duplications and changes in the wiring of the
network, respectively, can be detected. In the long term, the
detailed analysis of the modifications that drive the observed
changes in this developmental network would provide a frame
to integrate developmental biology and evolution in verte-
brates at the functional and molecular level.
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